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Methane From Beef Cattle Manure and Straw Mixtures
"ndrew G. Hashimoto and Steven A. Robinson'
Iintroduction

Procedure

The major barrier to wide application of anaerobic fermen:ation technology in the agricultural sector is economics. Research and development efforts in anaerobic fermentation
technology have shown that methane can be produced from
livestock manures but that economies-of-scale have a significant impact on the economic feasibility.
Farmer-constructed and -operated systems were estimated
10be economically feasible for beef feedlots between 1,000 to
2,000 head, and commercial "turn-key" systems were feasible
for feedlots larger than 8,000 head. However, since the average
U.S. beef feedlot capacity is about 150 head, and less than
three percent have capacities greater than 1,000 head, this
means that only large feedlots would benefit from this technology. This is true for other species as well; that is, methane
production is economically feasible only for larger-than-average sized livestock enterprises.
By combining crop residues with manure, smaller livestock
enterprises may be able to produce methane at a lower unit
cost because of the larger plant size. Another advantage of
combining crop residues with manures is the large amount of
crop residue in close proximity to livestock enterprises. In the
U.S., about 200 million tons (dry weight basis) of collectable
corn stalk and wheat straw could be available for fermentation,
as opposed to about 30 million tons of collectable manure.
Thus, there is at least seven times more crop residue than
manure for fermentation. A third advantage of mixing crop
residue with manure is that, nutritionally, the highly nitrogenous
manure complements the highly carbonaceous but nitrogendeficient crop residue.
There are, however, several problems associated with fermenting crop residue. The major problems are the relatively
low biodegradability of untreated residue, the cost and possible
adverse side-reactions of pretreating crop residues, the increased materials-handling problems associated with mixing
and transporting manure-crop residue mixtures, and the longterm agronomic consequences of removing large amounts of
crop residue from productive crop land.
The "dry fermentation" system proposed by researchers at
Cornell University has several advantages for fermenting crop
residue. In essence, the system is a batch fermentation of crop
residue at moisture contents between 75 to 85 percent. Advantages of this system are: simple "hole-in-the-ground"
design; no need for size reduction or mechanical mixing of the
residue; and the residue remaining after fermentation can be
applied back on the land as mulch. Disadvantages of the system are: the high buffer requirement to maintain a neutral pH;
the large volume of "seed" required to innoculate the fermentor; and the slow reaction rate in the fermentor.
This report describes a two-stage fermentation system that
allows rapid conversion of easily degraded compounds to
methane and long-term fermentation for more slowly degraded
compounds. The advantages of this system are: thermo-chemical pretreatment or size reduction of the straw are not required;
the straw is handled only at the beginning and end of fermentation (Le., materials handling problems associated with mixing
and pumping straw slurries are minimized); and the system
will selectively ferment the easily and less degradable compounds. This report also describes studies evaluating whether
anhydrous ammonia treatment can increase the methane yield
of straw.

The first stage of the two-stage system was a high-rate fermentor (HRF) with a working volume of 175 fr. It was insulated
with 1 in of polyurethane foam. Four baffles were equally spaced
around the inside of the tank. The HRF was mixed with a
variable-speed mixer and two, three-blade, stainless-steel marine propellers on a stainless-steel shaft. An external doubletube heat exchanger was used to maintain a 130°F fermentation temperature using hot water heated to 150°F. The HRF
was operated at 5-days' retention time and influent volatile
solids concentration of about 8 percent volatile solids (VS) for
Trial 1 and the first portion of Trial 2. In the second portion of
Trial 2, the HRF was operated at 10-days' retention time and
5 percent VS.
The second-stage straw fermentor (SF) was a 600-gal steel
tank insulated with 3 in of polyurethane foam. The working
volume of the tank was 500 gal. An expanded steel screen
was placed 1 ft above the floor of the tank to support the straw
and to prevent plugging of the outlet. Another screen was
placed 11.5 ft above the lower screen to prevent floating straw
from plugging the gas outlet pipe. Influent slurries entered
through a 3 in pipe at the top of the tank, while effluent drained
from the bottom of the tank. The biogas produced was collected
at the top of the tank and passed through a temperature-compensated gas meter and a pressure-relief valve. The temperature was monitored using three thermocouples at the top,
middle, and near the bottom of the working volume. The SF
temperature was an average of these three readings. The SF
temperature was maintained at about 95°F using external heat
exchangers.
The manure (1-10 days old) used in this study was gathered
from steers housed on partially roofed, concrete-floored pens.
The steers weighed from 750 to 1,250 lb. Their ration consisted
of 85 percent yellow corn, 13 percent corn silage, 1.6 percent
soybean meal, 0.2 percent limestone, 0.1 percent each of dicalcium phosphate and salt, and trace minerals and vitamins
A, D, and E. The ration was antibiotic-free. The manure was
transported by a small front-end loader and dumped into a
mixing-degritting tank, diluted to 10-12 percent VS, and mixed
with a 1-hp variable speed mixer.
Wheat straw, from hard-winter wheat (Bennett) grown in Clay
County, Nebraska, was baled in large round bales (approximately 900 Ib) and stored in an open-front barn.
Tria/1. The SF was loaded with 1,055 Ib of straw. From day
1 to 11 and on day 13, 35 ft3 of HRF effluent was pumped into
the SF in order to fill the SF. From day 9, the liquid from the
SF was pumped through the heat exchanger to maintain the
average SF temperature of 95°F. On days 22 through 29, cold
weather and storm-related power failures caused the average
tank temperature to fall below 86°F. On day 29, an additional
35 ft3of HRF effluent was added to the SF to replace the volume
removed for sampling. The straw was fermented for 70 days;
then the SF was drained and injected with 68 Ib of anhydrous

ammonia. Beginning on day 88, 35

ft3

of HRF effluentwas

added each day for 12 days. Trial 1 was completed on day
123. The volumetric methane production rate of the HRF averaged 4.2 ft3 methane/fr fermentor volume/day when the SF
was being filled.
Tria/2. The SF was loaded with 1,060 Ib straw. From day 1
to day 11 , 35 ft3 of HRF effluent was pumped into the SF each
day. The SF temperature was maintained at 95°F, and the straw
was fermented for 79 days. The SF was drained, and 68 Ib of
anhydrous ammonia was pumped into the SF on days 88 and
89. Between days 90 to 100, 18 fr per day of HRF effluent
was pumped into the SF. Trial 2 was terminated on day 135.

'Hashimoto is the research leader, and Robinson is an operations
assistant, Agricultural Engineering Unit, MARC.
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up water. Thus, our recommendation is to not use more than
one-half of the leachate as make-up water.
Anhydrous ammonia was injected into the SF to evaluate
whether this would be an economical full-scale method to increase the methane yield from straw. The ideal experimental
design would have at least two systems fermenting untreated
straw and at least two other systems fermenting the ammoniapretreated straw. However, since only one pilot-scale system
was available, we felt that the most appropriate procedure to
evaluate the effect of ammonia pretreatment was to ferment
the untreated straw before pretreatment. The results showed
little, if any, effect of ammonia pretreatment on methane yield.
In comparison, laboratory batch fermentation of ammonia-pretreated straw samples from the same cutting indicated between
11 to 14 percent increase in methane yield.
The different pretreatment conditions may explain some of
the variation in effect on methane yield; however, the more
likely explanation is that the procedures used to calculate the
mass balances of the pilot-scale system were not capable of
detecting methane yield differences on the order of 10 to 15
percent. In any case, it is not likely that a 10 to 15 percent
increase in methane yield would be sufficient to offset the
additional ammonia pretreatment costs for materials, labor, and
facilities.
Economic assessment of this two-stage system indicated
that a straw-cost of slightly over $15/ton was the break-even
cost, above which the investment opportunity decreased as
the straw-content increased. This straw cost is close to the
cost associated with harvesting the straw. These results show
that straw costs greater than $15/ton would tend to decrease
the proportion of straw to manure to be processed, while straw
costs of $15/ton or lower would tend to increase the proportion
of straw.
However, there is a maximum proportion of straw
above which the SF will not operate properly. Obviously, inoculum and nutrients other than carbon must be provided to
initiate and sustain the fermentation of straw. Maximum recommended proportions of straw would be between 80 to 90
percent of the average daily feedstock loading rate.
The straw compaction density had a significant effect on the
overall economics of the two-phase system. The initial straw
compaction density in this study was 2.3 Ib/ft3. Higher densities
were not achieved because the shape of the SF allowed only
manual filling and compaction of the straw. Compaction densities up to 41 Ib/ft3 can be achieved in sanitary landfills; however, fermentation at these high densities and resulting low
moisture contents is generally inhibited. Other researchers have
found that a minimum moisture content of 70 percent was
needed to ferment 90 percent of the biodegradable VS of crop
residue at compaction densities between 17 and 23 Ib/ft3 in
one year.
For a plant designed with a straw compaction density of 12
Ib/ft3, minimum moisture content of 70 percent, 80 percent
straw content, 35 percent income tax bracket, and straw cost
of $15/ton, the farm size necessary to achieve a discounted
cash flow rate of return (DCFRR) of 15 percent was estimated
to be 2,200 acres of straw and a 930-head feedlot. To put this
size into perspective, there were 1,935 feedlots of 1,000-head
capacity or larger in 1982. In order to attain a DCFRR of 15
percent, the beef-cattle feedlot size for an anaerobic fermentation system using only manure is approximately 2,800 head.
Thus, fermenting straw along with cattle manure does enhance
the economics of the system, allowing the economically feasible feedlot size to be about one-third the size as when only
manure is used.

System performance. Table 1 shows the analyses of the
influent to the HRF, the influent to the SF (which was also the
effluent from the HRF), and the effluent from the SF. There
was little difference in constituent concentrations of the influents and effluents before and after anhydrous ammonia
treatment in Trial 1, and between the constituent concentrations
in Trial 1 and the concentrations before anhydrous ammonia
treatment in Trial 2. The lower constituent concentrations in
Trial 2 after anhydrous ammonia treatment reflect the higher
HRT and lower influent concentration used in that portion of
Trial 2.
In Trial 1, 6,210 ft3 of methane was produced in the first 79
days. Of this total, the HRF effluent contributed about 2,540
ft3 (estimated by 108-day batch fermentations). Thus, the methane yield from the straw in Trial 1 was 4.3 ft3 CHilb VS. The
methane produced after ammonia injection was 1,750 ft3, and
the contribution from the HRF effluent was calculated to be
2,065 ft3. Thus, no additional methane was produced after
ammonia injection. The total methane yield from both phases
was 4.3 ft3 CHilb VS.
In Trial 2, 4,480 ft3 of methane was produced during the first
79 days with the HRF effluent contributing 1,640 ft3. The methane yield was calculated to be 3.4 ft3 CH./lb VS. After anhydrous ammonia injection, an additional 0.3 ft3 CHilb VS was
produced. The total methane yield from both phases was 3.7
ft3 CHilb VS.
It is unlikely that the anhydrous ammonia injection was responsible for increasing the methane yield. The methane production rates after anhydrous ammonia injection were 17 and
28 ft3 CHiday for Trials 1 and 2, respectively. These rates are
comparable to the methane production rates just before anhydrous ammonia was injected into the straw.
Results
The mean methane yield from Trials 1 and 2 was 4 ft3 CH.I
Ib VS, with a mean standard error of 0.3 ft3 CHilb VS. When
samples from the same cutting of straw were ball milled and
then fermented for over 100 days in laboratory batch fermentors, the mean methane yield from ten replicates was 4.8 :!::
0.2 ft3 CHilb VS. Thus, the methane yield from the pilot-scale
system was 83 percent of the yield obtained in the laboratory.
The lower yield was probably caused by incomplete fermentation of the straw in the center of the packed straw. This was
verified by visual observation of the straw on the edge compar~d to the center of the straw fermentor. The straw at the
top, bottom, and sides of the fermentor was dark and decomPosed, while the straw at the center looked undigested. These
results indicate that large-scale systems must be designed to
uniformly distribute the HRF effluent in order to achieve a more
uniform and complete straw fermentation.
The pilot-scale system was originally designed to allow
leaching of soluble substrate from the straw, then fermentation
to methane in the HRF. We anticipated that much higher levels
of volatile fatty acids would be produced in the SF and that
this would inhibit methanogenesis. This study showed that
methanogenesis was easily established and maintained in the
SF. This may have happened because of the relatively large
amount of inoculum used (455 ft3) in proportion to the amount
of straw fermented (1,035 Ib). In full-scale systems where the
inoculum:substrate
ratio may not be as favorable as in this
study, leachate recycle back to the HRF may be necessary to
convert the accumulated volatile fatty acids. If this is necessary,
it would seem logical to use the recycled leachate to dilute the
manure for the HRF. However, based on other results, inhibition
occurs when the leachate is used as the sole source make-
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Table 1.-Analyses of influents and effluents of high rate fermentor (HRF) and
straw fermentor (SF) during trials 1 and 2H

Trial 1
Total Solids
Volatile Solids
Alkalinity
Total Volatile Acids
Ammonia-N
Total Kjeldahl-N
pH
Trial 2
Total Solids
Volatile Solids
Alkalinity
Total Volatile Acids
Ammonia-N
Total Kjeldahl-N
pH

HRFInfluent
HAb

SFInfluent
K

KAb

KS

SFEffluent
KSAb

92.2>9.6
78.4>9.3
4.91>0.55
7.95
1.02
3.84>0.18
5.33>0.45

90.2>4.0
77.3>4.0
3.63>0.42
6.47>1.29
0.84
3.39
4.64>0.18

54.6>1.9
42.5> 1.5
10.8>0.4
1.50>0.08
1.84>0.04
3.86>0.10
7.90>0.05

49.1>1.3
37.2>9.1
9.29>0.40
0.54>0.04
1.32
3.21
7.83>0.04

36.6>0.72
24.9>6.3
13.4>1.5
0.64>0.38
2.26>0.32
3.61>0.13
7.61>0.1

38.0>6.1
24.9>3.8
14.7>0.8
0.52>0.19
2.79>0.21
3.83>0.10
7.77>0.16

92.8>5.6
81.0>4.8
3.46>0.32
9.06>1.34
0.84>0.04
3.23
4.60>0.18

56.8>6.3
49.5>5.8
1.72>0.46
5.34>0.81
NAc
NAc
4.46>0.21

45.8>1.2
35.3>0.8
8.87>0.32
0.64>0.02
1.25>0.02
NAc
7.74>0.07

26.3>2.0
19.9>1.3
6.44>0.68
0.25>0.08
NAc
NAc
7.64>0.19

33.9>1.3
22.4>8.9
12.0>1.2
0.31>0.05
1.89>0.14
3.01>0.30
7.79>0.11

18.0>5.5
13.1>4.9
10.4>1.9
2.43>0.46
3.08>0.02
3.15>0.47
8.25>0.57

"Expressed as mean> standard deviation,units are gIIexcept pH.
bAdenotes analyses alter anhydrousammoniatreatment
cNA = not analyzed.
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